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Abstract 

A  novel  gas  distributor  for  fuel  cells  is  proposed.  It  has  three-dimensional  current-collecting  elements  distributed  in  gas-delivery  fields  for 
effective  current  collection  and  heat/mass  transfer  enhancement.  An  analysis  model  has  been  developed  in  order  to  understand  the  performance 
of  the  output  power  density  when  the  dimensions  and  distributive  arrangement  of  the  current  collectors  are  different.  Optimization  analysis 
for  a  planar-type  SOFC  was  conducted  in  order  to  outline  the  approach  in  optimizing  a  gas-delivery  field  when  adopting  three-dimensional 
current-collecting  elements  in  a  fuel  cell.  Experimental  test  of  a  proton  exchange  membrane  (PEM)  fuel  cell  adopting  the  novel  gas  distributor 
was  conducted  for  verification  of  the  new  approach.  Significant  improvement  of  power  output  was  obtained  for  the  proposed  new  PEM  fuel 
cells  compared  to  the  conventional  ones  under  the  same  conditions  except  for  the  different  gas  distributors.  Both  the  experimental  results  and 
modeling  analysis  are  of  great  significance  to  the  design  of  fuel  cells  of  high  power  density. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Fuel  cells  can  convert  the  chemical  energy  of  a  fuel  directly 
into  electrical  power  with  high  efficiency  and  low  level  of 
emission  [1,2].  It  is  very  promising  that  fuel  cells  will  gradu¬ 
ally  be  used  as  the  major  power  source  for  portable  electronic 
devices,  home  appliances,  vehicles  and  transportation  tools, 
and  even  stationary  power  plants  [3,4]. 

Having  a  high  power  density  is  one  of  the  critical  require¬ 
ments  for  a  fuel  cell  or  a  fuel  cell  stack.  Minimized  size  and 
usage  of  materials  are  important  to  the  low  cost  and  better  mo¬ 
bility  of  fuel  cells,  especially  when  they  are  used  in  portable 
devices  and/or  transportation  tools. 

In  order  to  have  a  high  power  density,  a  fuel  cell  has 
to  maintain  a  reasonably  high  terminal  voltage  and  a  maxi¬ 
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mized  current  output  [5].  There  are  three  kinds  of  polariza¬ 
tions  that  cause  potential  losses  and  low  terminal  voltage  of 
a  fuel  cell,  including  activation  polarization,  ohmic  polar¬ 
ization  and  concentration  polarization.  It  is  well  known  that 
when  operating  current  density  continues  to  increase,  there  is 
an  excessive  drop  of  the  cell  voltage  and  further  improvement 
of  the  fuel  cell  power  becomes  impossible  [6] .  Therefore,  if 
one  can  postpone  the  excessive  drop  of  fuel  cell  voltage  at 
higher  current  density,  the  power  output  of  the  fuel  cell  can 
be  significantly  improved. 

The  minimization  of  the  activation  polarization  mostly  re¬ 
lies  on  the  materials  of  electrolyte,  electrodes,  as  well  as  the 
catalyst  for  electrochemical  reaction.  The  reduction  of  ohmic 
polarization  relies  on  higher  ionic  and  electronic  conductiv¬ 
ity  of  electrolyte  and  electrodes  as  well  as  on  the  current¬ 
collecting  route  by  the  current  collectors.  The  latter  can  even 
be  more  significant,  for  example,  in  a  tubular-type  solid  oxide 
fuel  cell  (SOFC)  compared  to  a  planar-type  SOFC  [7,8].  The 
alleviation  of  the  concentration  polarization  in  a  fuel  cell, 
however,  completely  relies  on  the  arrangement  of  the  flow 
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Nomenclature 

E  cell  voltage  (V) 

EMF  electromotive  force  (V) 

/  a  general  function 

F  Faraday’s  constant  (=96486.7  C  mol-1) 

A G°  standard  Gibb’s  free  energy  change  in  forma¬ 
tion  of  water  (FHV)  from  oxygen  and  hydro¬ 
gen  (Jkg-1) 

i  current  density  of  fuel  cell  (A  m-2) 

io  exchange  current  density  (A  m-2) 

I  current  (A) 

r  radius  (m) 

R  universal  gas  constant  (8 . 3 1 4  J  (mol  K) “ 1 ) 

Rq  resistance  (Q) 

T  temperature  (K) 

Greek  symbols 

8  thickness  of  electrode  and  electrolyte  (m) 

r]Act  activation  polarization  (V) 

pQ  resistivity  (Q  m) 

Subscripts 

c  current  collectors 

0  current-collecting  area  of  one  current  collector 

Superscripts 
a  anode 

c  cathode 

e  electrolyte 


fields  of  the  reactant  gases  or  the  delivery  and  removal  of  the 
reactants  and  product  to  and  from  the  reaction  site,  respec¬ 
tively.  The  investigation  in  this  work  will  focus  on  minimiz¬ 
ing  the  ohmic  polarization  and  concentration  polarization  in 
order  to  improve  the  power  density  of  a  fuel  cell,  which  is 
related  to  designing  and  optimization  of  gas  distributors  and 
current  collectors. 

In  a  proton  exchange  membrane  (PEM)  fuel  cell  or  a 
planar-type  solid  oxide  fuel  cell  (SOFC),  the  anode,  elec¬ 
trolyte  and  cathode  are  laminated  as  a  tri-layer  core  com¬ 
ponent,  known  as  MEA  (membrane  electrode  assembly)  for 
a  PEM  fuel  cell.  One  fuel  cell  must  have  two  gas  delivery 
plates  engraved  with  gas  channels,  one  for  air  or  oxygen  in 
contact  with  cathode  and  another  for  fuel  in  contact  with 
anode.  Whereas  the  reactant/product  gases  flow  through  the 
channels,  the  channel  walls  act  as  current  collectors  to  col¬ 
lect  current  and  transmit  it  out  from  the  fuel  cell.  The  elec¬ 
trochemical  reaction  occurs  at  the  surfaces  of  electrodes  or 
electrodes/electrolyte  interfaces  that  are  exposed  to  reactant 
gases,  while  the  electrons  involved  in  the  electrochemical 
reaction  have  to  conduct  in  the  in-plane  direction  of  the  elec¬ 
trode  layers  before  collection  by  the  channel  walls  or  current 


collectors.  Obviously,  for  the  gas  distributors  of  fuel  cells, 
one  has  to  make  a  balance  to  promote  mass  transfer  in  gas 
flow  field  and  reduce  the  ohmic  loss  in  current  collection, 
and,  at  the  same  time,  allow  maximum  surface  area  of  the 
electrodes  to  expose  to  reactant  gases  for  electrochemical  re¬ 
action.  The  larger  the  reaction  area,  the  higher  the  current  in 
the  fuel  cell. 


2.  Development  of  novel  gas  distributors  and  analysis 
model 

2.7.  Novel  gas  distributors 

In  the  current  fuel  cell  technology,  the  gas-delivery  plates 
of  PEM  fuel  cells  and  planar-type  SOFCs  have  straight 
grooves  or  ditches  engraved  for  gas  delivery  [9-11].  As 
shown  in  Fig.  1,  such  structures  of  gas  channels  are  straight¬ 
forward;  however,  most  of  them  are  not  optimized.  There  is  no 
general  knowledge  available  regarding  how  to  distribute  the 
area  of  current-collecting  walls  and  gas-delivery  channels.  In 
order  to  improve  the  output  current  and  power  density  in  a 
fuel  cell,  conducting  an  optimization  of  gas-delivery  channels 
and  gas  flow  field  is  very  necessary. 


Straight  air  channels 
Bipolar  plate  Fuel  channels 


MEA  Gas  difusion  layer 


(a)  A  stack  of  PEM  fuel  cells 


Straight  air  channels  Fuel  channels 


(b)  A  stack  of  planar  type  SOFCs 


Fig.  1.  Structures  of  conventional  gas  channels  for  fuel  cells. 
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Of  many  effective  heat/mass  transfer  enhancement 
approaches,  the  method  that  allocates  protruding  elements 
in  a  flow  field  [12,13]  is  found  to  be  very  suitable  to 
meet  the  purpose  of  current  collection  and  mass  transfer 
enhancement  in  gas  flow  field  for  fuel  cells.  Fig.  2  shows  the 
conceptual  protruding  elements  as  current  collectors  in  gas 
flow  fields.  For  convenience,  only  cylindrical  elements  are 
drawn  in  the  figure,  however  the  geometry  of  the  elements 
may  vary  depending  on  performance  and  ease  of  manu¬ 
facturing  of  the  gas-delivery  plate.  There  are  several  major 
advantages  of  such  a  gas  flow  field.  First,  an  MEA  or  an  an¬ 
ode/electrolyte/cathode  layer  can  expose  a  larger  area  to  the 
reactant  gases  when  contacting  gas-delivery  plates.  This  max¬ 
imizes  the  reactive  area  and  is  helpful  for  the  fuel  cell  to  obtain 
larger  current.  Second,  in  such  a  flow  field,  the  gas  streams 
are  expected  to  “communicate”  more  easily  and  thus  create  a 
more  uniform  distribution  of  gases  over  the  reactive  surface  of 
the  MEA  of  a  PEM  fuel  cell  or  the  anode/electrolyte/cathode 
layer  of  an  SOFC.  The  discrete  nature  of  the  protruding 
elements  can  promote  mixing  of  the  flow  stream,  which 
enhances  the  diffusion  of  reactant  and  product  to  and  from 
the  reaction  site,  respectively.  The  heat  transfer  in  the  flow 
fields  can  also  be  enhanced,  which  might  be  critical  when 
the  heat  generation  rate  is  elevated  at  high  operating  current 
densities. 

The  novel  approach  shown  in  Fig.  2  for  gas  delivery  is 
expected  to  be  generally  advantageous.  However,  the  inter¬ 
ruption  of  the  channel  walls  can  result  in  less  contact  area  of 


Cathode  5c 
Electrode 
Anode 


Current  collector 
Collecting  area 


Bipolar  plate 


Air  field 


Fuel  field 


Fig.  2.  Protruding  current  collectors  in  gas  flow  fields. 


the  current  collectors  to  electrodes.  Under  such  a  situation, 
electrons  from  some  area  of  reaction  site  have  to  go  a  longer 
way  in  electrode  layers  in  the  in-plane  direction  before 
collected  by  current  collectors.  If  the  pathway  of  electrons 
is  too  long  in  the  in-plane  direction  of  electrode  layers,  a 
large  ohmic  loss  can  result,  which  can  offset  the  effect  of 
power  improvement  by  maximization  of  current  when  using 
the  distributed  current  collectors  in  a  fuel  cell.  This  needs 
to  find  an  optimal  dimension  and  distribution  of  the  current 
collectors  in  order  to  obtain  a  maximum  power  density. 
An  analysis  model  for  the  optimization  is,  therefore,  very 
necessary. 


2.2.  Model  for  a  fuel  cell  using  novel  gas  distributors 


A  magnified  schematic  view  of  current  collectors  on  each 
side  of  the  cathode/electrolyte/anode  layer  is  shown  in  Fig.  2. 
The  current  from  the  area  surrounding  the  current  collector 
conducts  through  the  in-plane  direction  of  the  electrode  layers 
before  it  is  collected.  For  convenience  of  analysis,  cylindri¬ 
cal  current  collectors  in  a  staggered  alignment  are  consid¬ 
ered.  The  potential  difference  between  current  collectors  of 
the  anode  side  and  cathode  side  is  the  output  voltage  of  the 
fuel  cell,  which  is  associated  to  the  electromotive  force,  the 
dimensions  of  the  current-collecting  area,  and  length  of  the 
current  pathway  in  the  in-plane  direction  in  electrode  layers: 

E  =  EMF  -  (^cl  +  i])a)  -  Rp  -  Rp  -  Rp  (1) 

where  E  is  the  output  voltage,  EMF  and  riAc{  are  the  elec- 
tromotive  force  and  activation  polarization,  respectively,  and 
they  are  also  assumed  uniform  for  the  control  area  surround¬ 
ing  the  current  collector.  RQ  denotes  for  resistances  and  I  is 
the  current  integrated  from  the  control  area  surrounding  the 
current  collector.  Considering  a  current  collector  of  radius 
rc  and  a  circular  control  area,  or  current-collecting  area,  of 
radius  ro,  the  resistances  in  anode,  cathode  and  electrolyte 
are: 


Pg((rp  -  rc)/2) 

e  [<$a  •  2tt (rc  +  ((r0  -  rc)/ 2)] 
Pg((rp  -  rc)/2) 

e  [8C  •  2jt(rc  +  ((ro  -  rc)/ 2)] 

,e  =  P%* 

n(rl  -  r\) 


(2a) 

(2b) 

(2c) 


where  p a,  pcQ  and  p ®  are  the  resistivities  of  anode,  cathode 
and  electrolyte,  respectively,  and  <5a,  8C  and  8e  are  thickness 
of  anode,  cathode  and  electrolyte  layers,  respectively. 

Assuming  that  the  average  current  density  over  the  area 
in  radius  of  ro  is  i,  the  total  current  collected  by  the  current 
collector  is 


(3) 
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The  power  density  over  the  area  in  radius  of  ro  is 

P  =  ~~2  =  /(rc  ’  0  (4) 

7tr0 

As  a  function  of  the  current  density  and  the  radius  rc  of 
the  cylindrical  current  collector  in  the  control  area  in  radius 
of  ro,  the  power  density  is  qualitatively  illustrated  in  Fig.  3 
by  the  contour.  The  variation  of  the  contour  shows  a  feature 
very  useful  for  one  to  optimize  the  dimensions  of  current 
collectors  in  order  to  have  a  maximum  power  density. 

Virtually,  Fig.  3  indicates  that  a  smaller  current  collector 
is  favorable  for  getting  a  higher  power  density  in  general.  In 
a  fixed  area  of  radius  of  ro,  the  smaller  the  current  collector, 
the  larger  area  of  the  layer  of  anode/electrolyte/cathode  can 
have  electrochemical  reaction  to  obtain  a  larger  current  for 
the  fuel  cell. 

On  the  other  hand,  the  usage  of  a  small  current  collector 
can  result  in  longer  pathway  for  a  current  to  flow  in  the  in¬ 
plane  direction  of  electrode  layers.  Therefore,  a  decrement  of 
the  resultant  power  output  due  to  large  ohmic  loss  happens 
when  a  current  density  is  very  high,  as  seen  in  Fig.  3.  There 
exists  an  optimal  setting  of  a  current  collector  and  its  control 
area. 

It  is  understood  from  the  above  analysis  that  the  interrup¬ 
tion  of  the  straight  gas  channel  walls  can  be  effective  for  max¬ 
imizing  the  current  and  power  output  of  a  fuel  cell.  When  cur¬ 
rent  density  is  very  high,  optimization  of  the  current  collector 
is  necessary.  To  give  quantitative  analysis,  computational  re¬ 
sults  are  to  be  discussed  in  the  next  section  based  on  the  real 
property  data  of  an  SOFC  when  three-dimensional  protrud¬ 
ing  elements  or  distributed  current  collectors  are  adopted.  For 
PEM  fuel  cells,  experimental  results  will  be  reported  in  the 
section  following  the  next. 


3.  Optimization  analysis  for  a  planar-type  SOFC 


Using  protruding  elements  as  current  collectors,  a  planar- 
type  solid  oxide  fuel  cell  may  have  maximized  area  for  reac- 


Power  Density 


Current 

Density) 


c 


Fig.  3.  Effect  of  the  current  collector  size  to  the  power  density  in  a  control 
area  in  radius  of  ro  at  different  current  densities. 


tant  gases  to  access  the  electrode/electrolyte  layer.  This  can 
definitely  improve  the  total  current  for  the  fuel  cell.  How¬ 
ever,  to  obtain  a  maximized  benefit  from  the  utilization  of 
the  protruding  elements  as  current  collectors,  optimization 
analysis  for  dimensions  of  the  current  collectors  and  their 
control  area  is  necessary.  The  dimensions  and  resistivities  of 
the  electrodes  and  electrolyte  of  a  planar-type  SOFC  for  anal¬ 
ysis  are  given  in  Table  1  [8]  assuming  that  the  SOFC  operates 
at  temperature  of  1000  °C. 

When  the  current  density  increases  to  a  certain  high 
level,  concentration  polarization  starts  to  dominate  the  over¬ 
potential  and  a  severe  drop  of  the  cell  voltage  occurs.  This 
results  in  decrease  of  output  power  in  a  fuel  cell.  In  the  opti¬ 
mization  computation,  the  concentration-related  term  in  elec¬ 
tromotive  force,  EMF,  is  not  considered.  Therefore,  the  maxi¬ 
mum  power  obtained  in  the  computation  virtually  reflects  the 
asymptotic  power  output  in  the  fuel  cell.  To  ensure  that  the 
comparison  is  on  the  same  basis,  the  potential  drop  resulted 
by  concentration  polarization  may  be  assumed  the  same  for 
all  the  studied  cases  due  to  the  same  kind  of  structure  of  gas 
distributors  despite  the  difference  in  the  dimensions  of  the 
current  collectors  and  their  control  area. 

From  the  above  consideration,  the  EMF  for  computation 
is  set  as  0.918  V  ( =AG°/2F )  in  all  computed  cases  based  on 
the  assumption  that  the  operating  temperature  of  the  SOFC  is 
at  1000  °C.  The  estimation  of  the  activation  polarization  for 
both  anode  side  and  cathode  side  is  based  on  the  following 
equation  [14]: 

riAct=  ^Uinh-1  (Pj  (5) 

where  R  is  the  ideal  gas  constant,  F  the  Faraday’s  constant, 
T  the  operating  temperature  of  the  fuel  cell  and  z'o  the  ex¬ 
change  current  density,  which  is  6000  A  m-2  for  cathode  and 
3000  A  m-2  for  anode. 

The  computation  has  considered  10  groups  of  cases  dif¬ 
ferent  in  current-collecting  area,  ranging  from  radius  of  ro  = 
1 .5  mm  to  ro  =  10  mm.  In  each  group,  there  were  1 1  different 
cases  with  radius  of  rc  varying  between  zero  to  ro  for  the 
cylindrical  current  collector.  For  the  1 1  cases  in  each  group, 
at  fixed  ro,  the  cell  voltage  and  power  density  were  obtained 
when  the  current  density  increases.  For  each  group  of  cases  at 
fixed  ro,  a  power  density  contour  in  the  same  scenario  shown 
in  Fig.  3  can  be  obtained  and  a  maximum  power  density  can 
be  found.  Corresponding  to  the  maximum  power  density  in 
each  group  of  cases  is  the  optimal  size  of  current  collector 
at  the  specific  control  area  in  radius  of  ro.  By  comparing  the 
results  of  the  optimal  performance  obtained  from  each  group 

Table  1 


Thickness  and  resistivity  of  components  (T  =  1000  °C) 


Thickness  <5([xm) 

Resistivity  pe  cm) 

Anode 

700 

0.001 

Electrolyte 

10 

10 

Cathode 

50 

0.013 
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Fig.  4.  Cell  voltages  vs.  current  densities  at  different  match  of  the  current 
collector  and  control  area. 


of  cases,  the  only  fully  optimized  match  of  r$-rc  can  be  ob¬ 
tained. 

Fig.  4  shows  the  curves  of  cell  voltage  versus  current  den¬ 
sity  where  every  curve  shows  the  optimal  performance  of 
the  optimized  rc  at  a  fixed  ro.  Due  to  the  different  match 
of  the  dimensions  of  current  collector  and  its  control  area, 
the  cell  voltage  performance  is  significantly  different  from 
one  optimized  case  to  another.  Of  all  the  cases,  the  case  in 
smallest  control  area,  ro  =  1.5  mm,  and  an  optimal  current 
collector,  rc  =  0.4  mm,  is  the  most  favorable,  fully  optimized 
match. 

Corresponding  to  Fig.  4,  the  curves  of  power  density 
against  current  density  are  shown  in  Fig.  5.  The  case  in  the 
smallest  control  area,  ro  =  1.5  mm,  and  an  optimal  current 
collector,  rc  =  0.4  mm,  can  have  a  maximum  power  density 
four  times  of  that  from  the  case  of  ro  =  10  mm  and  an  optimal 
current  collector  of  rc  =  7.6  mm.  The  optimized  maximum 


Fig.  5.  Power  densities  vs.  current  densities  at  different  match  of  the  current 
collector  and  control  area. 


power  density  here  for  SOFC  is  higher  than  that  of  the  state- 
of-the-art  SOFCs  [15-17]. 

For  the  case  the  control  area  by  a  current  collector  is  small, 
the  minimization  of  the  current  collector  is  more  effective  to 
maximize  the  total  current  and  the  output  power  from  the 
control  area  around  the  current  collector.  Virtually  a  small 
control  area  around  a  current  collector  means  a  dense  distri¬ 
bution  of  current  collectors.  The  ohmic  loss  is  low  in  such  a 
case. 

When  a  larger  control  area  by  a  current  collector  is 
adopted,  the  current  collectors  are  distributed  sparsely.  In 
such  a  case,  when  minimizing  the  size  of  current  collector 
for  maximizing  the  reactive  area,  the  ohmic  loss  due  to  long 
current  pathway  will  offset  the  effect  of  current  maximiza¬ 
tion.  Therefore,  the  power  density  cannot  approach  the  values 
obtained  with  small  control  area  by  a  small  current  collector. 
As  a  conclusion  from  Fig.  5,  a  small  current-collecting  area 
by  a  small  current  collector  shows  advantage  of  obtaining  a 
high  power  density  in  a  fuel  cell. 


4.  Experimental  test  for  PEM  fuel  cells 

4.1.  Experimental  setup 

The  performance  of  the  new  gas  distributors  with  cubic 
protruding  elements  was  studied  through  a  test  of  single  PEM 
fuel  cells  and  cell  stacks.  The  proposed  gas  distributors  were 
conveniently  manufactured  through  modification  of  conven¬ 
tional  gas  distributor  as  shown  in  Fig.  6.  In  order  to  compare 
the  performance  of  conventional  and  novel  gas  distributors, 
some  commercially  available  fuel  cells  and  cell  stacks  using 
conventional  gas  flow  fields  were  tested  as  baseline.  By  in¬ 
terrupting  the  channel  walls  of  gas  distributors  of  baseline 
fuel  cells,  protruding  cubic  elements  on  the  gas  flow  plates 
were  fabricated  as  shown  in  Fig.  7.  Using  the  same  ME  As 
and  diffusion  layers  from  the  commercial  products,  fuel  cells 
having  novel  gas  distributors  were  prepared. 

The  commercially  available  PEM  fuel  cells  have  MEA 
sheets,  each  with  an  area  of  4. 16  cm  x  4. 16  cm.  In  every  fuel 
cell  stack,  four  sheets  of  MEA  were  included  to  form  a  4-cell 
stack  in  a  serial  electrical  connection.  All  the  gas  distributors 
were  made  of  graphite,  which  could  be  machined  easily  to 
obtain  the  novel  structure  for  the  current-collecting  elements. 


(a)  Fuel  channels 


(b)  Air  channels 


Fig.  6.  Structure  of  baseline  gas  distributors  for  PEM  fuel  cells. 
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(a)  Fuel  field 
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(b)  Air  field 


Fig.  7.  Novel  gas  distributors  for  PEM  fuel  cells  with  protruding  elements 
located  in  gas  flow  field. 

The  hydrogen  fuel  gas  has  a  high  purity  to  99.999%.  Impu¬ 
rity  gases  of  water  vapor,  nitrogen,  oxygen  and  hydrocarbons 
are  less  than  2,  5,  1  and  1  ppm,  respectively.  In  the  fuel  cell 
stack,  the  fuel  flows  serially  from  one  cell  to  another.  The  air 
is  fed  in  parallel  mode,  meaning,  each  cell  in  the  stack  is  fed 
with  air  separately.  There  is  no  external  humidification  to  the 
hydrogen,  and  therefore  the  fuel  cells  operate  with  relatively 
low  proton  conductivity  [18].  The  depleted  fuel  gas  from  the 
fuel  cell  or  cell  stack  is  delivered  to  ambient  air  through  an 
exit  tube  merged  in  a  water  bath.  The  released  waste  fuel  gas 
bubbles,  less  than  one  per  second,  can  be  monitored.  The  pres¬ 
sure  of  the  hydrogen  gas  in  fuel  cell  is  about  1 .05  x  105  Pa, 
which  is  only  slightly  higher  than  ambient  air  pressure. 

The  test  was  conducted  in  an  air-conditioned  laboratory 
of  about  23  °C,  and  the  room  air  in  laboratory  was  used  on 
the  cathode  side  through  free  convection  mode,  or  forced- 
convection  mode,  depending  on  the  setting  of  experimental 
conditions  of  interest.  The  oxygen  and  nitrogen  molar  frac¬ 
tion  in  air  was  estimated  as  21  %  versus  79%,  and  the  air  pres¬ 
sure  was  1.0  atm  (1.013  x  105  Pa)  or  slightly  higher  when  a 
small  fan  was  used  to  feed  air  into  the  air  channels. 

A  fuel  cell  test  stand  was  used  in  the  experiment,  which 
was  installed  with  control  valves,  and  adjustable  resistors 
as  the  external  load  for  fuel  cells.  The  fuel  cell  operating 
conditions  were  set  through  the  control  of  the  load  resistances 
and  the  flow  rates  of  hydrogen  and  air.  The  fuel  cell  output 
current  and  terminal  voltage  were  monitored  separately  by 
two  multimeters  simultaneously.  The  output  power  was  then 
obtained  by  multiplying  the  current  and  voltage.  To  avoid 
overheating  of  the  fuel  cells,  a  pair  of  thermocouples  was 
located  in  the  margin  area  of  a  graphite  gas  distributor  for 
monitoring  the  fuel  cell  temperature. 

The  uncertainty  in  voltage  measurement  is  less  than  0.5% 
if  a  voltage  reading  is  higher  than  0.5  V.  For  electric  current, 
when  a  reading  is  higher  than  1 .0  A,  the  uncertainty  of  mea¬ 
surement  is  less  than  2.5%.  Correspondingly,  for  an  electrical 
power  higher  than  0.5  W,  the  uncertainty  in  measurement  is 
less  than  3%.  The  current  densities  of  single  cells  and  cell 
stacks  are  all  based  on  the  same  active  area  of  membrane  of 
the  same  ME  As. 


4.2.  Experimental  results  and  discussion 

Figs.  8  and  9  show  the  curves  of  voltage  against  current 
density  for  both  single  fuel  cells  and  cell  stacks  with  gas 


Current  density  (mA/cm2) 

Fig.  8.  Single  cell  voltage  vs.  current  density. 


distributors  of  different  structures.  Due  to  the  limitation  of  the 
test  system,  the  single  cell  in  novel  structured  gas  distributors 
could  not  be  tested  with  higher  current  and  lower  voltage 
because  a  very  small  resistor  or  load  was  not  available. 

With  the  increasing  current  density,  a  drop  of  the  cell  volt¬ 
age  at  the  beginning,  as  seen  in  Figs.  8  and  9,  is  mainly  due 
to  the  activation  polarization.  The  ohmic  loss  is  linearly  pro¬ 
portional  to  the  cell  current  density,  which  contributes  to  the 
gradual  drop  of  the  cell  voltage  when  the  cell  current  density 
further  increases.  Along  with  the  increase  of  current  density, 
a  significant  drop  of  the  cell  voltage  eventually  occurs,  which 
makes  the  fuel  cell  voltage  too  low  to  have  any  more  increase 
of  electrical  power.  Shown  in  Figs.  10  and  11  is  the  scenario 
that  the  output  electrical  powers  start  to  drop  at  the  current 
densities,  where  the  large  drop  of  the  cell/stack  voltage  also 
happens  as  illustrated  in  Figs.  8  and  9,  correspondingly.  The 
large  drop  of  the  cell  voltage  is  due  to  severe  concentration 
polarization  from  deteriorating  mass  transport  in  the  fuel  cell. 

When  the  sharp  drop  of  the  cell  voltage  is  postponed  to 
occur  at  higher  current  density,  the  output  of  electrical  power 
of  a  fuel  cell  can  be  improved.  This  is  seen  in  Figs.  8  and  10  as 
well  as  in  Figs.  9  and  11.  The  different  air  convection  mode, 


Current  density  (mA/cm2) 


Fig.  9.  Stack  (four  cells)  voltage  vs.  current  density.  (In  the  forced- 
convection  case,  higher  flow  rate  of  air  was  fed  to  the  cell  stack  with  con¬ 
ventional  gas  distributors.) 
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Fig.  10.  Single  cell  output  power  vs.  current  density. 


a  free  convection  or  a  forced  convection,  makes  the  sharp 
drop  of  the  cell  voltage  occur  at  different  current  densities. 
Obviously,  the  concentration  polarization  under  a  forced- 
convection  mode  is  smaller  than  that  of  a  free  convection 
mode.  This  is  the  reason  that  the  sharp  drop  of  the  cell  volt¬ 
age  is  postponed  in  the  forced-convection  case  compared  to 
the  case  of  free  convection. 

As  shown  both  in  Figs.  8  and  10,  when  using  the  gas  dis¬ 
tributors  of  the  currently  proposed  novel  structure,  the  large 
drop  of  the  cell  voltage  is  significantly  postponed  to  occur¬ 
ring  at  higher  current  densities  compared  to  that  of  the  fuel 
cells  using  distributors  in  conventional  structures.  As  a  result 
shown  in  Figs.  9  and  11,  the  electrical  power  is  significantly 
improved  in  fuel  cells  and  cell  stacks  that  use  the  gas  distrib¬ 
utors  in  the  novel  structure. 

It  is  understood  from  the  preceding  discussion  that  severe 
performance  deterioration  of  PEM  fuel  cells  might  occur  due 
to  two  kinds  of  insufficiency  of  mass  diffusion.  One  is  that  the 
flow  rate  of  air  is  too  small  to  meet  the  need  of  oxygen,  like  the 
case  of  free  convection.  Another  situation  is  that  even  though 
the  flow  rate  of  air  is  sufficient  to  provide  oxygen,  the  mass 
diffusion  is  too  weak  to  diffuse  enough  oxygen  to  the  reaction 
site  or  the  surface  of  ME  A.  Apparently,  by  improving  the  flow 
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Fig.  11.  Stack  (four  cells)  power  vs.  current  density.  (In  the  forced- 
convection  case,  higher  flow  rate  of  air  was  fed  to  the  cell  stack  with  con¬ 
ventional  gas  distributors.) 


rate  of  air,  both  kinds  of  insufficiency  may  be  mitigated  from 
the  conventional  viewpoints  of  mass  transfer  enhancement. 
However,  this  needs  some  extra  power  consumption  for  air¬ 
flow.  Alternatively,  the  mass  transfer  can  also  be  enhanced  if 
the  novel  gas  distributor  is  used.  More  importantly,  the  new 
gas  distributors  maximize  contacting  area  for  the  MEA  and 
reacting  gases.  This  will  further  result  in  more  electrochemi¬ 
cal  reactions  and  higher  current,  which  also  helps  to  improve 
the  output  power  of  the  fuel  cell. 

Under  a  forced-convective  airflow,  the  adoption  of  the 
novel  gas  distributors  can  improve  the  maximum  output 
power  by  40%  for  a  single  cell,  and  50%  for  a  cell  stack 
compared  to  that  of  the  corresponding  old  cell  and  stack  as 
shown  in  Figs.  10  and  1 1.  In  the  test  for  cell  stacks  with  new 
gas  distributors,  a  lower  flow  rate  of  air  was  actually  used. 
The  power  consumption  of  the  fan  for  airflow  in  the  operation 
of  the  novel  cell  stack  was  3.6  mW,  which  is  much  less  than 
the  power  of  18.6mW  used  for  the  conventional  cell  stack. 
The  power  consumption  for  the  airflow  takes  0.03%  of  the 
maximum  output  electrical  power  in  the  novel  cell  stack  and 
0.26%  for  the  conventional  cell  stack.  The  reduction  of  the 
power  consumption  for  the  airflow  might  not  be  a  significant 
issue  if  the  cell  stack  operates  at  the  maximum  output  power, 
but  getting  a  higher  maximum  output  power  is  certainly  im¬ 
portant  because  the  high  power  density  of  PEM  fuel  cell  is 
always  desirable  in  practical  operation. 

Finally,  it  needs  to  be  noted  that  the  substantial  difference 
of  the  structure  of  gas  distributors  between  the  currently  pro¬ 
posed  and  conventional  ones  is  the  usage  of  the  protruding 
elements  in  the  novel  gas  distributors,  which  maximizes  the 
reactive  area  of  electrochemical  reaction  and  enhances  the 
mass  transfer  in  fuel  cells.  The  structure  and  alignment,  or 
distribution,  of  the  protruding  elements  are,  however,  open 
to  investigation.  This  is  because  the  elements  are  expected 
to  implement  both  functions  of  mass  transfer  enhancement 
and  current  collection.  For  PEM  fuel  cells,  protruding  ele¬ 
ments  might  also  be  expected  to  be  helpful  for  the  removal 
of  water,  or  water  flooding,  on  cathode  side  when  humidified 
fuel  [19,20]  is  used  and  the  current  density  is  much  higher 
than  those  of  the  current  test.  Nevertheless,  the  optimal  ar¬ 
rangement  of  protruding  elements  based  on  the  discussion  in 
this  work  for  SOFCs  and  PEM  fuel  cells  can  be  a  very  useful 
reference  for  any  future  work. 

5.  Conclusions 

A  novel  structure  of  gas  distributors  with  discretized  three- 
dimensional  current-collecting  elements  located  in  flow  fields 
for  fuel  cells  was  proposed  for  the  purpose  of  maximizing 
the  access  area  of  reactants  to  the  electrode/electrolyte  layer 
and  enhancing  mass  transfer.  The  analysis  model  for  the  op¬ 
timization  of  the  distribution  of  three-dimensional  current¬ 
collecting  elements  was  developed. 

The  model  was  used  to  optimize  a  gas  distributor  for  a 
planar-type  SOFC,  and  optimal  dimensions  of  the  current 
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collector  and  its  current-collecting  area  in  the  planar-type 
SOFC  were  obtained.  It  was  found  that  a  flow  field  distributed 
with  relatively  small  current  collectors  surrounded  by  a  small 
reactive  area  is  preferred  in  order  to  obtain  a  high  power 
density  for  the  fuel  cells. 

Experimental  verification  test  for  the  novel  approach  of 
gas  delivery  in  PEM  fuel  cells  was  conducted  in  this  work. 
A  significant  improvement  of  the  maximum  fuel  cell  output 
electrical  power  was  obtained.  Under  a  forced-convective  air¬ 
flow  and  non-humidified  fuel,  the  adoption  of  the  novel  gas 
distributors  in  a  PEM  fuel  cell  can  improve  the  maximum 
output  power  by  40%  for  a  single  cell,  and  50%  for  a  cell 
stack  compared  to  that  of  the  old  cell  and  stack. 
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